ABSTRACT In defibrillation, current flow depends on the energy selected and the transthoracic impedance. If transthoracic impedance is high, current flow may be inadequate to defibrillate. We developed a method by which high transthoracic impedance is automatically compensated for by an increase in operator-selected energy when impedance is high. Transthoracic impedance was predicted in advance of the first shock by passing a low-level current between the defibrillator electrodes during the defibrillator charge cycle; a microprocessor monitored current flow and determined impedance. In 28 mongrel dogs we manipulated transthoracic impedance by placing glycerin-soaked gauze pads between the paddle electrodes and the chest. If the predicted impedance exceeded a preset value, the delivered energy was automatically increased by 40% or 100%. Using this impedance-based energy adjustment technique, we found significant improvements in current flow and success rate of shocks when energy was automatically increased to compensate for high transthoracic impedance. The use of transthoracic impedance as a basis for energy adjustment appears a promising technique to minimize the hazards of high electrical energy; it allows low-energy shocks in most patients while avoiding inappropriate low energies in patients with high impedance. Clinical trials are justified. Circulation 71, No. 1, 136-140, 1985. DEFIBRILLATION is accomplished by passage of sufficient electrical current through the heart to depolarize a critical mass of myocardium. 'The amount of current that flows therefore becomes critical. Current flow is dependent on two factors: the energy selected by the operator and the transthoracic impedance. Impedance can be reduced to some degree by firm operator pressure on the electrodes, and this will enhance current flow.3 If pressure is already maximal, the energy selected and the inherent transthoracic impedance then become the major determinants of whether current flow sufficient to defibrillate will be achieved.
DEFIBRILLATION is accomplished by passage of sufficient electrical current through the heart to depolarize a critical mass of myocardium. 'The amount of current that flows therefore becomes critical. Current flow is dependent on two factors: the energy selected by the operator and the transthoracic impedance. Impedance can be reduced to some degree by firm operator pressure on the electrodes, and this will enhance current flow.3 If pressure is already maximal, the energy selected and the inherent transthoracic impedance then become the major determinants of whether current flow sufficient to defibrillate will be achieved.
High electrical energies can be used for defibrillation in most patients,4'6 but have been shown to cause histologic abnormalities in animals7 and atrioventricular block in humans. 5 Gascho et al. 4 found that when total delivered energy exceeded 240 J, the defibrillation rate fell significantly. Ideally, one should administer the lowest possible energy shock that will minimize damage but still achieve defibrillation. Unfortunately, the energy and current requirements for defibrillation appear to vary considerably between patients,6 12 making it impossible to identify a single energy level that could accomplish both aims in all patients.
At any given energy impedance is the major determinant of current flow. It is therefore predictable that in patients with high transthoracic impedance, a lowenergy shock might fail to achieve adequate current flow to defibrillate. We have recently confirmed this in patients in ventricular fibrillation who had a high transthoracic impedance. In these patients 100 J shocks had a success rate of only 22%, as opposed to 68% success when impedance was low or average. 12 Thus, if it were known in advance that a patient had high transthoracic impedance, selection of a low-energy shock would be inappropriate since it would be unlikely to achieve defibrillation; a high-energy shock would be necessary. Conversely, if impedance were low or average, a low-energy shock would be preferable since it would probably be adequate to defibrillate and would be less likely to cause myocardial toxicity.
We now have the ability to accurately predict transthoracic impedance before any shocks are given.'2 This should facilitate appropriate energy selection based on impedance. The hypotheses of this study LABORATORY INVESTIGATION-DEFIBRILLATION were two: (1) The success of a shock of any given energy with regard to defibrillation is related to the transthoracic impedance; shock success falls as impedance rises. (2) High impedance can be automatically compensated for by increasing the shock energy, which will improve the success rate of the defibrillation procedure.
Methods
The study was performed with 28 mongrel dogs weighing 18 to 22 kg. The animals were anesthetized with intravenous pentobarbital; supplemental anesthesia was administered as necessary. The dogs underwent endotracheal intubation and positive pressure ventilation. Arterial pressure was monitored via a polyethylene cannula inserted in a brachial artery. Ventricular fibrillation was induced by passing a train of rectangular impulses (20 V, 9 msec in duration, 60 Hz frequency) for 5 sec down a bipolar electrode catheter that had been inserted in the right jugular vein and passed to the apex of the right ventricle. Ventricular fibrillation was allowed to persist for 15 sec before any shock was given.
All shocks were given from 8 cm diameter electrode "paddles" that were pressed against each dog's shaved chest by a mechanical holding device that maintained constant electrodechest contact pressure. One electrode was placed over the palpable cardiac apex on the left chest, the other in a similar location against the right chest. We used two Hewlett-Packard defibrillators, model 78670 A, which delivered damped sinusoidal waveform shocks. These defibrillators estimated transthoracic impedance just before each shock was delivered. The impedance prediction technique we used was originally suggested by Geddes et al.`3 and has been validated by us in humans.'2 Briefly, when the defibrillator charge cycle was initiated a low-level current was passed between the electrodes. The current flow was monitored by a microprocessor and the impedance was estimated by comparison of this current flow with that achieved against known impedances.
One defibrillator was specially modified for this study to automatically alter the operator-selected energy, based on the predicted impedance. In the first part of the study, if the predicted impedance exceeded a high-impedance threshold arbitrarily designated as 70 Ql the defibrillator automatically increased the shock energy one step of the energy dial settings available, i.e., 50 J was automatically increased to 70 J, 100 J to 150 J, and 150 J to 200 J (average 40% increase). In the second part of the study we further modified the defibrillator so that if the predicted impedance exceeded an arbitrary threshold value the shock energy was automatically increased two steps of the energy settings available, i.e., 50 J was automatically increased to 100 J, 100 J to 200 J, and 150 J to 300 J (average 100% increase). As part of this further modification, the threshold impedance value arbitrarily designated as high was altered to 80 £1.
Transthoracic impedance was increased by placing from one to three gauze pads between the electrodes and the chest. To create a high-impedance medium these gauze pads were soaked with a high-impedance mixture of glycerin and Redux electrode paste, in a ratio of 12:1, before insertion between the chest and the electrodes.
The exact protocol used was as follows: Each dog received shocks for ventricular fibrillation at three selected energy dial settings (50, 100, and 150 J). Each dog received at least four consecutive shocks at each energy setting; the energy settings were used in random order. If a shock of a certain energy failed to defibrillate it was immediately repeated up to four times; then, if necessary, a high-energy shock of 300 or 360 J, which 
Results
The data on selected energy, actual delivered energy, current, and % success for each of the three energy settings are presented in tables 1 and 2. In these tables we have classified the data by the impedance categories of less than 70 Q (part 1) or less than 80 £l (part 2), below which threshold impedances the energy-increasing modification was inoperative and the modified defibrillator functioned as a standard defibrillator, and greater than 70 or 80 [l, at which levels the modification was operative and the energy level was automatically increased by one or two steps. Tables 1 and 2 show that for each energy setting (50, 100, and 150 J), when impedances were less than 70 or 80 fl there were no significant differences in delivered energy, current, or % success between the modified and standard defibrillators, as expected. However, when the impedance was greater than 70 or 80 Ql, the impedance-based automatic energy increase resulted in significantly higher levels of delivered energy, current, and % success at each of the three selected energy levels (50, 100, 150 J). given to defibrillate falls as transthoracic impedance were defibrillated by stored energy of 100 J. One exrises; high transthoracic impedance is associated with a planation for these divergent results might be that these low shock success rate, especially when selected enerearlier reports did not consider the effect of transthogy is low. (2) It is possible to automatically increase racic impedance on shock success. We recently energy to compensate for high transthoracic impedshowed that when patients receiving 100 J shocks were ance, and a significant improvement in current flow classified into high transthoracic impedance and averand shock success rate results. age transthoracic impedance groups, the first-shock This approach should be beneficial to patients by encouraging use of low-energy shocks when appropriate while avoiding use of low energies in high-impedance patients who require higher energy shocks. Two important questions need to be answered in humans.
(1) Should automated increases in energy begin at the threshold impedance levels we arbitrarily selected in this study (70 to 80 £1, the mean transthoracic impedance in patients), or will there be demonstrable benefit only at much higher impedance levels? (2) Is a doubling of selected energy sufficient in high-impedance patients, or should the energy level be adjusted even higher? Clinical trials using an approach similar to that in this study will be necessary to answer these questions. 
